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ABSTRACT 
Development of a MATLAB® model for estimating the amount of protein adsorption on 
nanoparticles covered with poly (ethylene glycol) 
 Asavari Mehta 
Margaret A. Wheatley, PhD 
Joseph J. Sarver, PhD 
Fred D. Allen, Jr. PhD 
 
           Targeted drug delivery to cancerous tumors is a promising strategy for the 
treatment of cancer that mitigates the comprehensive, deleterious effects of current 
chemotherapy methods. The ability to selectively deliver cancer drugs to solid tumors can 
be achieved with constructs like micro-bubbles, micro-particles, nanoparticles and 
micelles that can carry and elute a conjugated drug.  Moreover, poly (ethylene glycol) 
(PEG) can be incorporated into these delivery vehicles to provide a “stealth” coating that 
prevents the immune system from recognizing and prematurely eliminating them before 
the drug delivery is complete. The mechanism of immune system avoidance is 
accomplished when the incorporated PEG chains create a steric hindrance on the surface 
of the carrier particle that blocks the adsorption of blood plasma proteins onto the particle 
surface which consequently marks the particle as an antigen that must be removed by the 
immune system.   
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Mathematically modeling the amount of plasma protein that can adsorb on a 
carrier particle with a PEG coating offers the benefit of expediting the selection of 
optimal values for three key parameters of particle fabrication: 1) PEG molecular weight, 
2) PEG mass fraction and 3) carrier particle diameter which are essential to the creation 
of a PEG-coated, carrier particle that will minimize plasma protein adsorption.  
The basis for this mathematical model is a characteristic formula obtained from 
the research paper, Gref et al. [11],  which describes the surface density threshold (SDT)  
representing the smallest area between PEG chains on the surface of a nanoparticle that 
creates the maximal blockage of protein adsorption.  This SDT formulation, which 
contains all three key parameters mentioned above, was used to represent the amount of 
PEG in terms of molecular weight and mass fraction which was necessary for minimizing 
protein adsorption on nanoparticles that were also fabricated by the Gref study.   In this 
current study, we use MATLAB® programming to combine the SDT formula and its 
corresponding experimental data from the Gref study to produced two curve-fit equations 
(effectively two separate models) that can be used to predict the protein adsorption values 
that occur for either changing molecular weight of PEG or changing mass fraction of 
PEG. The simulated values of protein adsorption resultant from variation of the given 
parameter was then directly compared to the experimental values obtained from Gref et 
al. in order to evaluate the model accuracy in estimating protein adsorption. The 
evaluation indicated that the success of the models in estimating protein adsorption was 
restricted to the parameter it was derived from, either PEG molecular weight or PEG 
mass fraction.  In other words, the model to estimate protein adsorption due to variation 
of PEG molecular weight was not valid for estimating protein adsorption due to variation 
xiv 
 
of  PEG mass fraction and vice versa.   Therefore examining changes in a parameter of 
interest must be done with the appropriate model.  The correlation coefficients for the 
correlations tests showed R2 = 0.997 for PEG molecular weight and R2 = 0.988 for PEG 
mass fraction. Additionally, the models were not successful in estimating the protein 
adsorption values that corresponded to the average diameter of the nanoparticles because 
there was no experimental nanoparticle diameter data from Gref et al. [11] on which to 
base a curve-fitted estimation model.   So, the two models in this study cannot account 
for a changing particle diameter. 
The two models developed in this study still require further refinement and 
validation with more experimental data other than that found in the study by Gref et al. 
[11].  In that sense, experiments with the parameter of particle diameter can be included 
to broaden the modeling perspective. Attempts were made to combine the two separate 
models of PEG molecular weight and PEG mass fraction to find a more universal metric 
that could establish the optimal parameters of nanoparticle fabrication that would 
minimize protein adsorption. One metric was to create a ratio of the two parameters and 
another was to create the product (multiplication) of the two parameters, and then 
develop a curve fit model for each metric.  The results did not show promise because the 
variation of each metric did not produce a matched correlation to the data. 
   In conclusion, researchers can inexpensively use this modeling tool as a starting 
point for designing PEG-coated, drug-carrier nanoparticles as it pertains to variation of 
PEG molecular weight or PEG mass fraction.  The modeling presented in this study has 
extended the framework for simulating plasma protein adsorption on nanoparticles that 
xv 
 
would significantly inform the fabrication of effective, immuno-evasive, drug-eluting 
nanoparticles for cancer treatments. 
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EXECUTIVE SUMMARY 
Using MATLAB programming, this study has developed a mathematical model 
that will estimate the amount of blood plasma protein that will adsorb to the surface of a 
nanoparticle used in targeted, cancer drug delivery.  When this nanoparticle is coated 
with a polymer, poly (ethylene glycol) PEG, it can block the adsorption of the blood 
plasma proteins that are part of the body’s immune response to a foreign object.  In order 
to facilitate the design and fabrication of these nanoparticles it is useful to be able to 
estimate the minimal amount of protein adsorption with varying  molecular weight (Mw) 
of  PEG  or varying mass fraction of PEG (MF).  The mathematical model is based on 
experimental data and theory from closely related research by Gref et al. [11].   
 
Predictive Models 
Two characteristic functions that relate protein adsorption to PEG Mw and PEG 
MF through an intermediate statistic, the surface density threshold (SDT), were 
developed and validated using data from Gref et al. [11].  The SDT is the least amount of 
PEG that will be able to cover enough of the nanoparticle surface to create the steric 
hindrance that blocks the most protein adsorption to the nanoparticle. The SDT is 
dependent on the diameter of the particles, the molecular weight of PEG and the mass 
fraction of PEG to PLA added in the nanoparticle fabrication.  The validation of these 
two models showed correlation coefficients of R2 = 0.997 for the PEG Mw model and 
R2=0.988 for the PEG MF model.  This shows that the models can give valid estimates 
that a researcher can inexpensively use to design and fabricate a nanoparticle that will 
avoid an immune system response. 
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Alternate Models 
In addition to the primary models developed in this study, a set of alternate 
models were developed in an attempt to broaden the predictive capacity of the metric 
such that it is not dependent on a single parameter as the first models are.  Table 1R 
below summarizes the outcomes of the validations for the different models. 
 
Table 1R   : Summary of all the solutions tried and validated using data from Gref et al. 
[11] in this project and the indication of success and failure regions 
Solution 
number 
Type of Model Consistency with experimental 
data from Gref et al. [11] 
PA Vs. MW PA Vs. MF 
1 MW 
characteristic 
equation 
Match No Match 
MF characteristic 
equation 
No Match Match 
2 SDTMW x SDTMF Not equation No equation 
SDTMW/ SDTMF Showed similar 
trend and close 
data points 
Showed similar 
trend and close 
data points 
SDTMF/ SDTMW Showed similar 
trend and close 
data points 
Showed similar 
trend and close 
data points 
3 PA vs. MW Matched after 
first data point 
 
PA vs. MF  Matched after 
first data point 
PA vs. MW/MF Complete match 
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INTRODUCTION 
Cancer, tumor vasculature, and the EPR effect 
  Cancer continues to be one of the leading causes of death after many years. In 
2014 it is estimated that there will be 1,665,540 new cases of cancer and 585,720 deaths 
in the United States alone [4] with a mortality rate of nearly 1 in every 4 patients. 
Researchers who have been working on methods for reducing this cancer mortality rate 
for years have produced one of the most promising developments in the form of targeted 
drug delivery. This method aims to selectively deliver drugs to solid tumors which 
account for 85% of all cancers that present a 50% survival chance [15]. The idea behind 
these systems is that the drugs must get into the blood vessels of the tumor and across the 
vascular wall and into the interstitial fluid embedded in the tumor [16].  
The target is difficult because of the nature of tumors and their vasculature. 
Tumors due to the uncontrollable differentiation of cells create a solid mass, sustained by 
the formation of its own blood supply. This usually occurs when the tumor is about 150-
200 µm in size. The neo-vasculature that is formed to provide the tumor cells with 
oxygen and nutrients is highly fenestrated due to disorganized endothelial cells, virtually 
no smooth muscle cells, wide lumens, and dysfunctional angiotensin II receptors [12]. 
Additionally, the tumors lack proper lymphatic drainage. The combination of leaky 
vasculature and poor drainage causes a higher pressure of fluid in the tissue that can 
inhibit chemotherapy drugs from reaching the tumor. This phenomenon of leaky 
vasculature and poor drainage is called the Enhanced Permeation Retention (EPR) effect 
because macromolecules that can flow into the tumor through the leaky vasculature 
remain trapped in the tumor tissue making drug delivery treatments more effective.   
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Cancer treatment researchers take advantage of the EPR effect to develop drug-eluting 
nano/micro particles that can penetrate the vasculature and remain trapped in the tumor 
tissue in order to allow the drugs to take effect [12].   Poly (lactic acid) (PLA) and poly 
(lactic-co-glycolic acid) (PLGA) are two common polymers used to create these 
nanoparticles because they are biodegradable and biocompatible. [8, 18] 
 
Ultrasound contrast agents 
Ultrasound contrast agents (UCA) are intravenously delivered microparticles that 
increase the contrast of an ultrasound image as they pass through the vasculature at the 
site of image interrogation [3, 7]. Researchers are also studying these UCAs as targeted 
drug delivery vehicles to administer chemotherapy treatment to cancerous tumors. Most 
chemotherapy is limited by adverse side effects because they are less specific in targeting 
tumor tissue [20]. The combination of these two technologies, UCAs and chemotherapy, 
would allow for both visualization of the tumor and selective drug delivery. There are 
many methods that are being developed for such combined technologies to be realized. 
This proposal addresses one of the challenges that are present in the PLA contrast agents 
specific to the ultrasound imaging modality that is being developed in our lab [19].  
The UCAs that are developed can also be loaded with drug. The agent is imaged 
as it passes through the targeted regions and drug release is triggered by the ultrasound. 
At that point for drug release the agent shatters into nanoparticles, called nano-shards (n-
Sh). The n-Sh are pushed into the tumor interstitium via the cavitation force where the 
drug is released in a controlled manner by the degradation of the n-Sh [6].  
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In order for this to happen the UCA must be effective at re-entering the solid 
tumor and secondly it must carry an effective amount of tumor toxin. There are several 
biological barriers that these agents need to overcome in order to reach the target site. 
The control of particle size and/or surface decoration can aid in the targeted drug delivery 
[21]. Targeting purely by controlling the particle size is known as passive targeting [1]. 
The particle must be less than 400nm to be able to pass through the gaps in the leaky 
vasculature that is found in the angiogenic blood vessels of tumors [1]. The vasculature 
of solid cancer tumors grows so rapidly that the endothelial cell junctions are not properly 
formed, making the vasculature ‘leaky’ [1]. The small drug particles less than 400 nm are 
able to pass through these pores and deposit in the tumor tissue. Because there is no 
lymphatic drainage associated with the tumor, the particles are retained. This entire 
process, as previously stated, is called the Enhanced Permeation Retention (EPR) effect 
[1]. This passive targeting is vulnerable to opsonization by plasma proteins known as 
opsonins which leads to endocytosis by phagocytes taking the particle out of circulation. 
PEG coating on surfaces is a common strategy to avoid opsonization by preventing 
protein adsorption. This allows nanoparticles used for passive targeting an extended 
circulation time [23] (up to six hours) to accumulate in the tumor by the EPR effect.  
The adequate delivery of the anticancer therapeutics is challenged by clearance 
through the liver or the kidneys. In order to avoid the clearance by the kidney, the 
particles need to be above 6 nm. Generally particles above this dimension have poor 
excretion by the kidney and this increases circulation time [12]. The other method of 
excretion is by the liver and the reticuloendothelial system (RES). In order to avoid this, 
the particles need to have a stealth mechanism. The criteria to avoid metabolism from the 
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liver includes, molecules being less than 300 nm in size, hydrophilic in nature and almost 
close to neutral charge. Because the liver recognizes charged, large and hydrophobic 
particles to be part of serum protein which are then recognized and metabolized by the 
liver [12]. Therefore considering all these criteria, it is a challenge to produce the right 
sort of ‘stealthy’ particles that have long circulation times in the body and are big enough 
to carry drugs in high doses directly to the tumor.  
 Another way to improve the targeting of drug delivery is by using ultrasound 
irradiation. Ultrasound irradiation induces the cavitation of the contrast agents and the 
increases the permeability of the cell membranes (sonoporation) [22, 7]. Ultrasound also 
produces a radiation force on micron sized particles in the blood stream causing it to 
oscillate around a resonant diameter which can cause a phenomenon known as acoustic 
microstreaming, which propels the particles, which is effective at pushing the particle 
into the tumor [22].  
The complement system challenge to targeted drug delivery 
Creating a targeted drug delivery modality from nanoparticles has significant 
challenges from the immune system.  A typical innate immune system response entails 
the recognition of a foreign entity in the body (an antigen) and the destruction/removal of 
it [Immune, 2013]. The recognition stage of the immune system involves marking the 
foreign antigen for the immune action which is called opsonization.  An important part of 
the innate immune system is the complement sub-system, so called because it 
‘complements’ the anti-antigen activity of the antibodies [17]. Activation of the 
complement system occurs via three pathways - the classical pathway, the MB-lectin 
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pathway and the alternate pathway [17]. All of them are essential to the generation of the 
effector molecules of the complement system. The result of the complement system 
activation is the opsonization of pathogens, recruitment of inflammatory cells and direct 
killing of pathogens [17]. The main protein, C3, serves as a measure of the complement 
activation. The C3b molecule is the main effector molecule that binds covalently to the 
pathogen/foreign antigen and targets it for destruction by phagocytes [17]. C3a is a 
peptide mediator of inflammation.  These are the elements that confound targeted drug 
delivery by marking the nanoparticles for immune system removal. One of the methods 
of preventing this opsonization process is creating a physical barrier using PEG, which 
does not allow the immune protein to attach to the nanoparticles inside the PEG. PEG is 
not recognized by the body as  harmful and that’s why it can be used to cloak the actual 
drug holding particles inside it [25, 11]. 
Poly(ethylene glycol) remedies the opsonization problem  
In order to prevent the immune system response, the drug delivery particles are 
often coated with Poly (ethylene glycol) (PEG) which blocks opsonization and 
complement activation. PEG is able to achieve this result due to steric hindrance created 
by its folded chain like structure, biocompatibility and almost neutral charge. The PEG 
that is used for coating the nanoparticles could have varied characteristics, each one 
contributing to a different amount of protein adsorption. The higher the molecular weight 
of PEG the larger the folds created which eventually increases the steric hindrance effect 
on the nanoparticle. Similarly the increase in the mass fraction of PEG in a PEG-PLA 
blend would lead to a larger number of PEG chains covering the nanoparticles and 
therefore to a better steric hindrance effect. Once the ideal steric hindrance has been 
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created, the opsonins will not be able to reach the nanoparticle and there will be no 
immune system response.   Since this is such a critical factor in the success of 
nanoparticle delivery systems, researchers have endeavored to determine the optimal 
steric hindrance design by conducting experiments to identify the different proportions of 
PEG-PLA in the shell of the nanoparticle contrast agents that avoid the activation of C3 
complement.  The experiments are time consuming and expensive but they present the 
best option to gauge the efficacy of design parameters on avoiding the immune system.  
Importance of mathematical Modeling 
 Scientific research often requires multiple experiments and studies to achieve 
aims of improving one factor at a time. In that sense, establishing the optimal 
arrangement of a multifactor condition is a very time and resource consuming 
undertaking.  Being able to acquire best estimates of the relevant factors before 
committing to actual experiments, would significantly speed up the research and 
discovery time.  Mathematical modeling affords the facility of fast and variable 
simulations that will better inform the experimentation. Not only does modeling allow 
processing of a large amount of data, it also encourages researchers to venture into the 
unknown and model a new procedure before the expense of experimentation.  
 Modeling does have its limitations. There are many assumptions associated with a 
mathematical model for the purpose of simplicity, which can be built upon over time to 
improve the complexity given the data that experimentation and validation provide.  
A research study that is relevant to this problem and forms the basis of this study 
is Gref et al., ‘Stealth’ corona-core nanoparticles surface modified by polyethylene glycol 
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(PEG): Influences of the corona (PEG chain length and surface density) and of the core 
composition on phagocytic uptake and plasma protein adsorption. The researchers in this 
study have begun the process of modeling the effects of PEG coating design for avoiding 
protein adsorption (and thereby avoid opsonization) by using equations to describe the 
behavior of nanoparticles with and without PEG coating. The ability to predict protein 
adsorption for given PEG configurations with specifications of PEG mass fraction, 
molecular weight or nanoparticle diameter is a useful capability for nanoparticle research.  
This study will develop a prototype software program (using MATLAB®) for 
estimating protein adsorption based on experimental data from Gref et al.[11] and 
incorporating theoretical calculations of steric hindrance created by the PEG coverage of 
nanoparticles. Using the equations developed in Gref. et. al., the effect of each the weight 
percent of PEG and molecular weight of PEG on protein adsorption is simulated.  
In Gref et al. [11], data of protein adsorption vs. mass fraction of PEG is 
presented providing a basis to build a theoretical model of the relationship between these 
two parameters. The equations in Gref et al. were based on the amount of PEG needed for 
minimal protein adsorption and are reprinted below in equations 1 - 4.  They calculate a 
threshold area and a threshold density for the minimal amount of PEG needed for the 
minimal protein adsorption which is called the Surface Area Threshold (SAT).  
Surface area threshold in equation (1) is an area on the nanoparticle that 
represents the coverage of one PEG molecule which minimizes protein adsorption.  S is 
the Surface area that is occupied by each PEG chain on the nanosphere (nanoparticle 
shaped as a sphere), which takes into account the nanoparticle’s mean diameter d, and the 
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number of PEG chains in one nanosphere, n, is found in eqn. (2). The mass of one 
nanosphere is m is calculated from eqn. (3) while f is the mass fraction of PEG in the 
blends of PEG-PLA; PLA is the polymer used by Gref et al. to make the nanoparticles. 
NA is the Avogadro’s number which is a constant and MPEG is the molecular weight of 
PEG that is used in the fabrication of the nanoparticles. The last equation, eqn. (4) is the 
one that calculates the Surface Density Threshold (SDT) which is the lowest density of 
PEG that minimizes protein adsorption. 
 S = πd2/n                        (1) 
      n = mfNA/MPEG                         (2) 
 m = 4πρ(d/2)3/3                             (3) 
         S = (6MPEG)/(dNAfρ)                     (4) 
In creating the theoretical calculations, the first calculation is m, the mass of one 
nanosphere, which is calculated using the volume of one nanopshere and multiplying it 
by the density, which gives a value of the mass in grams (g). The next calculation is n, 
the number of PEG chains in one nanosphere, which uses the mass of one nanosphere and 
back calculates the moles using molecular weight (g/mol) and multiplying by Avogadro’s 
number. This calculation gives the number of molecules, which is then multiplied by f 
(%) which is the fraction of PEG in the mixture, converting it to number of PEG chains. 
Using n, the surface area occupied by one PEG chain could be determined by dividing the 
surface area of the nanosphere by the number of PEG chains available, this value is S and 
is called the Surface Area Threshold (nm2). The last Equation (4), is the combination of 
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all three equations and depicts the surface area present between PEG chains (cm2 / % x 
molecules). 
The SDT equation (4) takes into account the molecular weight of PEG, mass 
fraction of PEG, the mean diameter of the nanoparticles and the density of the 
nanoparticles. Since this equation contains all of these parameters, which are essential 
when designing nanoparticles, it is useful to build a model that predicts protein 
adsorption based on this equation which would allow users to change any of these 
parameters and have complete picture with multiple degrees of freedom for simulating a 
prediction of protein adsorption rather than with just one parameter. Gref et. al. does not 
draw a connection between the protein adsorption trend and the SDT and SAT trend, 
which is possible because they are related via parameter and theory. The SDT and SAT 
values are direct contributors to the trend in protein adsorption and therefore can serve as 
a bridge between molecular weight and mass fraction of PEG and mean diameters of 
particles.  
 The theoretical development leads to this final equation of Surface Density 
Threshold, SDT, which gives the same threshold value as the surface area threshold but is 
related through different parameters particularly MPEG, f and d. 
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SPECIFIC AIMS 
Rationale 
 The overall goal of this study is to develop a mathematical model as a predictive 
tool to determine the amount of PEG coverage necessary to minimize protein adsorption 
from an immune system response on nanoparticles that are injected into the human body 
as part of a cancer therapy. The model will consider particle diameter, mass fraction of 
PEG and molecular weight of PEG as input parameters, surface density threshold (SDT) 
as an intermediate output parameter and protein adsorption as the final output parameter.  
Specific aim 1: Establish relationship between molecular weight of PEG and mass 
fraction of PEG using SDT. 
The surface density threshold of PEG (SDT) and the surface area threshold of PEG 
(SAT) are the two essential parameters to determine the least amount of PEG that would 
be needed to minimize protein adsorption to the nanoparticle. In other words, SDT is the 
least amount of PEG that will be able to cover enough of the nanoparticle surface to 
create the steric hindrance that blocks the most protein adsorption to the nanoparticle 
from the complement system immune response. The SDT is dependent on the diameter of 
the particles, the molecular weight of PEG and the mass fraction of PEG to PLA added in 
the nanoparticle fabrication. These are parameters that the experimenter/designer can 
control. The model intends to provide the designer with a prediction tool to optimize 
these parameters by initially creating a relationship between the input parameters and 
SDT using data from Gref et al.[11].  
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Specific aim 2: Developing “characteristic functions” to estimate protein adsorption 
from Surface density threshold (SDT)  
This relationship can be developed by examining the parameters of the SDT 
equation in Gref et al.[11] which include the molecular weight of PEG and the mass 
fraction of PEG. They are the most common parameters that are changed during 
experimentation. The connection between SDT and protein adsorption was established 
through a key parameter. To obtain a relationship for the predictive model, the SDT 
values for the different mass fractions of PEG (f) used were plotted against the protein 
adsorption values (from the experimental data) corresponding to the same values of mass 
fraction of PEG. Given the same f, the relationship between SDT and protein adsorption 
was also converted into a characteristic equation for estimating protein adsorption based 
on SDT from changing f in the model - similarly with the molecular weights of PEG 
(Mw). The justification for using the SDT equation to establish the estimation of protein 
adsorption is because it is where several parameters are tied together and related to one 
another for a physical dimension on the nanoparticle. 
Specific aim 3: Evaluating the predictability of the models  
The final step of this project is to evaluate the predictability of the model. Once 
the characteristic equations have been created establishing the relationship between 
protein adsorption and the SDT values corresponding to the variation of either PEG 
molecular weight or PEG mass fraction, the final model is run by changing the PEG Mw 
or PEG f in the SDT equation, and the resulting SDTs are used in the characteristic 
equations to calculate an estimate of protein adsorption. The evaluation is conducted by 
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simultaneously plotting the data from Gref et al. [11] of PEG molecular weight vs. 
protein adsorption or PEG mass fraction vs. protein adsorption with the estimated protein 
adsorption calculated using the characteristic equations. The difference between the 
values/plots will be determined by regression analysis to decide the validity of the model.  
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DESIGN ASPECTS 
Design goal 
The ultimate goal of this project is to create an analytic design tool to simulate the 
parameters for fabricating micro/nanoparticles that can be used in targeted drug delivery. 
The particles must avoid detection by the body’s immune system, specifically the 
complement pathway. To achieve this, the particles must block the adsorption of plasma 
proteins. PEG an immunologically inert molecule which is also biocompatible and 
biodegradable is used to cover these nanoparticles [25]. The steric hindrance that occurs 
when fixing PEG chains onto the particles blocks protein adsorption and subsequently 
prevents immune system detection of the nanoparticles.  
Extensive research has been done to determine the correct amount of PEG to 
place on these nanoparticles, which has come from empirical trial and error at relatively 
high cost per trial. It is more useful to have a predictive tool that could estimate the 
results before the experiments are tried. The main purpose of the predictive tool is to 
provide researchers with a faster and cheaper method of conducting research. It should 
provide a more efficient means to inform the experimental method.  
Therefore, the main goal of this project is to develop a predictive tool in 
MATLAB® that can use nanoparticle parameters to determine minimal protein 
adsorption. The tool should allow users to vary the molecular weight of PEG, the mass 
fraction of PEG and the diameter of the nanoparticles, in the model and predict the results 
of protein adsorption according to the changes in them. The MATLAB® code that is 
created needs sections for changes in each parameter. Each parameter needs to be 
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compared to protein adsorption separately in order to understand the importance of each 
parameter towards obtaining the minimum protein adsorption. The tool needs to be clear 
about where to change each parameter and what can be changed and what should not be 
changed. The plots created need to be clear about what values are being projected and 
what trends can be seen. Lastly the model needs to be validated with existing data from  
alternate research  results.  
Design constraints 
There are several constraints in this project; the biggest constraint is not having 
enough data to build the tool upon. The only data that could be used was taken from Gref 
et al. [11]. The research paper only contained the protein adsorption values for varying 
molecular weight of PEG and mass fraction of PEG. There was no experimental data 
showing the changes in protein adsorption with varying mean diameter of nanoparticles. 
Therefore the predictive model could only be built to estimate the change in protein 
adsorption due to varying molecular weight and mass fraction of PEG. The next 
constraint is that each model is built upon the data from Gref et al. [11]. For example, the 
model of molecular weight of PEG vs. protein adsorption has a characteristic equation 
that is based on the protein adsorption values corresponding to varying molecular weight 
(Mw) or mass fraction (f) of PEG and SDT. Therefore, the characteristic equations 
represent separate models for estimating protein adsorption values due to varying MwPEG 
or fPEG. The same type of model could not be created for the change in diameter due to 
the lack of data for protein adsorption versus varying diameter of nanoparticles. The data 
could not be obtained due to the time constraints upon this project. However, in order to 
overcome the limitation of only being able to create characteristic equations for MwPEG 
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and fPEG separately, alternate solutions could be analyzed using different combinations of 
the parameters themselves or the SDT values.   
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MATHEMATICAL MODELLING 
The Surface density threshold equation 
The model in this study was created based on an equation that was derived during 
experiments conducted by Gref et al. [11]. In their experiments they measured the amount 
of protein adsorption on nanoparticles of fixed parameters. Poly(lactic acid) (PLA) 
nanoparticles were fabricated with poly (ethylene glycol) (PEG) chains using an 
emulsion/solvent evaporation technique. These nanoparticles varied by diameter, 
molecular weight of PEG (chain lengths) and amount of PEG to PLA in weight percent. 
The amount of protein adsorption on these nanoparticles was then experimentally 
determined using human plasma and a 2-D PAGE method as described in Gref et al [11] 
(Appendix A) with silver staining. The protein adsorption was measured in arbitrary units 
and establish an empirical relationship of protein adsorption on the nanoparticles vs. 
molecular weight of PEG and the mass fraction of PEG in the nanoparticles.  
The nanoparticles in these experiments were also measured for their diameters 
using a Zetasizer (Malvern Instruments, Malvern, UK) and the mean diameter was then 
used in the SDT equation. This equation was derived by Gref et al. [11] in order to 
determine the minimum amount of PEG needed in the nanoparticle fabrication that would 
provide the maximum reduction of protein adsorption. Some of the conclusions that were 
derived in Gref et al. [11] were the maximum reduction on protein adsorption occurred 
between 2% and 5% mass fractions of PEG and there was no significant decrease of 
protein adsorption after 5% mass fraction of PEG therefore, 5% was defined as the mass 
fraction at which the surface density threshold value occurred, for a fixed diameter and 
molecular weight of PEG. Similarly, the molecular weight of PEG at which there was a 
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maximum reduction of protein adsorption was 5000 g/mol, after which there was no 
further significant drop in protein adsorption. Therefore, 5000 g/mol was the value of 
molecular weight that was used to calculate the threshold value. There was no similar 
data for the diameter of the nanoparticles in Gref et al. to make the same conclusion 
about a threshold diameter that could be used for the calculation.  This becomes 
important to the model in this current study as it lacks the data needed to develop a 
simulation based on nanoparticle diameter variation.   
An important experimental assumption made by Gref et al. for this equation was 
that the PEG chains all moved to the surface of the PLA shells during fabrication of the 
nanoparticles. This is a critical assumption because it is the basis upon which SDT and 
SAT were created.  The difference between SDT and SAT is that SDT calculates the 
minimal surface area required to be covered between PEG chains for maximum reduction 
of protein adsorption and SAT calculates the minimal surface area required to be covered 
by a single PEG chain on the nanoparticle for maximum reduction of protein adsorption. 
When SDT and SAT were calculated for fixed values of molecular weight of PEG, mass 
fractions of PEG and fixed diameter of nanoparticles their values were the same. This is 
due to the SDT equation being the combination of equations 1,2 and 3. The derivation of 
the SDT equation can be seen in appendix 1. The final units of the calculation are 
molecules per square centimeter (molecules per cm2) which ultimately indicates the 
calculation of an area. The value of the SDT equation lies in the fact that it contains all 
the parameters necessary for modeling the behavior of PEG on nanoparticles. This is also 
the reason for the use of SDT versus the much simpler SAT equation. Therefore, using 
the SDT equation will allow users to include much more detail about the fabrication of 
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the PEG-PLA nanoparticles into the model such as the molecular weight of PEG, the 
mass fraction of PEG, the density of PLA and mean diameter of the nanoparticles in 
order to predict a more accurate protein adsorption value. So, building a model based on 
this equation makes it possible to ultimately change any of these parameters and predict 
protein adsorption.  
In order to begin the process of prediction, the SDT values were calculated for a 
range of molecular weights and mass fractions of PEG. The first one to be calculated was 
the SDT values of a range of mass fractions of PEG. The range used was 0.5 to 20% 
which was the same as the one used in Gref et al. [11]. Although, since the researchers 
concluded that the critical percentage change started between 2 and 5%, the SDT and 
SAT were calculated using, 2, 5, 8, 11, 16 and 20% PEG. The molecular weight of PEG 
was fixed at 5000 g/mol and the diameter at 190 nm. After the calculation, the SDT was 
plotted against the varying mass fraction of PEG. Another calculation of  calculation of 
SDT was then done by varying the molecular weight of PEG and the results were plot 
against the molecular weights used, which were 2000, 5000, 10,000, 15,000 and 20,000 
g/mol. The third SDT calculation was done for a varying diameter of nanoparticles, 
leaving the molecular weight of PEG and mass fraction of PEG fixed. And the results 
were plot against the varying nanoparticle diameter values, which were 90, 190, 290, 390, 
490, 590, 690, 790, 890, 990, 1000, 2000, 5000 and 8000 nm.  Following these SDT 
calculations, in order to further understand the behavior of the SDT equation, the 
following calculations were then performed of SDT values shown in Table 1M. The 
extensive SDT calculation were done in order to understand the nature of the SDT 
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equation which will be further used to evaluate the estimated protein adsorption values 
from the model. 
 
Table 1M: The different combination of parameters in order to obtain a range of 
SDT values 
 
SDT 
values 
Molecular 
weight of PEG 
Mass fraction 
of PEG 
Nanoparticle 
diameter 
1 varying varying fixed 
2 fixed varying  varying 
3 varying fixed varying 
 
The use of data from Gref et al.  
The next step to creating the model was extracting data from Gref et al. [11] 
specifically  protein adsorption values of  varying mass fractions of PEG and protein 
adsorption values of varying molecular weights of PEG. The protein adsorption values 
were obtained using ImageJ software and curve fitting and these were in arbitrary units. 
Therefore, they were normalized so that they could be used for the mathematical model. 
The experimental data in the research paper was in a bar graph format. The data extracted 
from the bar graph using ImageJ measurement was normalized using Microsoft EXCEL. 
The actual data and normalized data was then put into MATLAB® and re-plotted. An 
equation could be obtained for this data and could have been used to predict protein 
adsorption specifically for each of the parameters (molecular weight of PEG and mass 
fraction of PEG), but this would defeat the purpose of being able to change the 
parameters in one single equation and being able to predict protein adsorptions plus the 
SDT equation as mentioned before provides a much more detailed value to use during the 
calculations since it takes into consideration a lot of other parameters, other than the main 
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three being talked about here, like the density of PLA. The protein adsorption versus 
mass fraction of PEG  bar graph in Gref et al. showed a decrease in protein adsorption 
with increasing mass fraction of PEG until 5%.  The scientific explanation of this is that 
as the amount of PEG increases in the fabrication of the nanoparticles, there will be more 
coverage of the nanoparticles since there will be more PEG chains attached to the 
surface. This will prevent more proteins from attaching to the surface of the nanoparticles 
and therefore producing lower values of protein adsorption. In greater detail, there is an 
immediate decrease in protein adsorption to almost half the value as soon as the PEG 
content hits 0.5%. At 2% PEG the protein adsorption seemed to remain almost at the 
same value as 0.5% PEG. The greatest decrease occurs when the PEG changes from 2% 
to 5%, this is less than  half the value at 2%, which means it was a much more significant 
decrease that from 0% to 0.5%. After 5%PEG the value of protein adsorption  almost 
remains steady with statistically insignificant fluctuations Therefore it can be said that it 
remained stable after the 5% PEG. The research paper refers to this point as a threshold 
value because that is the minimum amount of PEG needed to achieve a maximum 
reduction of  protein adsorption. This number can change with particle diameter and 
molecular weight of PEG. The bar graph showing the decrease in protein adsorption with 
increasing molecular weight shows a similar trend and the data was extracted using the 
same methods as the previous graph from Gref et al. The data was normalized using 
Microsoft EXCEL and then re-plot and curve fit to obtain an equation. This equation was 
also not used for the lack of complexity and the SDT equations were used instead.    
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Combining SDT calculations and data from Gref et al. [11] to develop equations 
 The next step to developing the model is combining the protein adsorption values 
from Gref et al. [11] with the corresponding, calculated SDT values for changing mass 
fraction of PEG and molecular weight of PEG. The same was not done for the diameter of 
nanoparticles because of the lack of data or protein adsorption from Gref et al. [11] This was 
one of the biggest constraints of the model; the dependence on experimental data values.  
The combination of the SDT values calculated using a range of mass fractions of 
PEG from Gref et al. [11] was plotted against the corresponding protein adsorption values of 
the same mass fractions of PEG used to calculate the SDTs. A curve fit was created on this 
result in order to obtain an equation for the calculation of protein adsorption. This was called 
the characteristic equation based on varying mass fractions of PEG. The equation was then 
used to calculate protein adsorption values based on the changing mass fraction of PEG. 
These values were then plotted against the varying mass fractions of PEG and result was then 
evaluated by directly comparing it to the bar graph from Gref et al. [11] of mass fraction of 
PEG versus protein adsorption for accuracy of predictability. The values were then run 
through a correlation test using Microsoft EXCEL. The reason that this works was because 
the SDT values used and protein adsorption values used had common, varying mass fractions 
of PEG. This equation is also only specific to predicting protein adsorption values for varying 
mass fraction of PEG and not for any other parameter in the SDT equation, such as molecular 
weight of PEG, specifically because it was built upon the SDT and protein adsorption values 
of varying mass fractions of PEG while all the other parameters like molecular weight of 
PEG remained fixed. The curve-fit equation specific to mass fraction of PEG is an 
exponential equation.  
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The second half of the model was built in the same manner but this time with varying 
molecular weights of PEG. In brief, the calculated SDT values for varying molecular weight 
of PEG were plotted against the protein adsorption data values for the corresponding 
molecular weight of PEG, an equation was obtained for the relationship using a curve-fitting 
tool in MATLAB® and the equation was used to estimate protein adsorptions values. The 
estimated values of protein adsorption were plotted against the varying molecular weights of 
PEG and the accuracy of the estimate was evaluated using the graph from Gref et al. [11] of 
the molecular weight of PEG versus protein adsorption. This part of the model is specific to 
estimating the protein adsorption values for varying molecular weight of PEG only and no 
other parameters in the SDT equation, such as mass fraction of PEG. A correlation test was 
done using Microsoft EXCEL on the data values versus the estimated values of protein 
adsorption.  
In order to use the mathematical model, the user must change either the molecular 
weight of PEG or the mass fraction of PEG in the SDT section of the code. The commentary 
in the code indicates these values clearly, each having their own section for the changes to be 
made they should be a range of values that need to be examined for changes in protein 
adsorption. The range of resulting estimated protein adsorptions values could then be reduced 
to be able to pin point a critical value that can be used either as the most effective molecular 
weight of PEG or the mass fraction of PEG. For example if the diameters’ initial range were 
values from 1 to 10 nm in increments of 1 and if the best result occurs between 2 and 5, the 
next range to be test could just be between 2 and 5 nm with increments of 0.25 nm of less 
depending how precise the value needs to be. Usually this would take researchers months to 
figure out because each time they need to close down on a number they would need to 
conduct an entire experiment which includes making the bubbles, characterizing them using 
an SEM, zetasizers and ultrasound machines and then conducting complement assays for the 
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detection of protein adsorption. The predictive tool can prevent that entire wait by letting 
researchers predict the outcomes using a simple mathematical code that can be easily edited 
and provides results within seconds of running it. 
Currently the model uses one equation (SDT) to calculate an intermediate value 
called the threshold but then the model splits into two different characteristic equation which 
use the SDT values based on which parameter was varied and estimates protein adsorption 
values specific to the changes that specific parameter. In order to improve the tool it is 
necessary to combine the characteristic equations for molecular weight of PEG or mass 
fraction of PEG so that all the user has to do is enter a range of molecular weights of PEG or 
mass fractions of PEG in the SDT equation and the combination of the two models will 
produce an good estimate of the protein adsorption via one single equation. Four alternate 
methods have been tested in this project, to combine the models of molecular weight of PEG 
and mass fraction of PEG. The different pathways that were explored in order to combine the 
two models are demonstrated via the block diagrams in Figure _1M and 2M_  {block 
diagrams}.  
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Figure 1M: Alternate Solution 1 that was tested using MATLAB®: Initially the range of 
increasing Mw PEG or MFPEG were put into the SDT equation and the combination of the resulting SDT 
ranges were related to each other either by multiplication or division. These were then plot against the 
protein adsorption values obtained from Gref et al. [11] and characteristic equations were obtained. These 
equations were then used to calculate estimated protein adsorption values and those were plot against the 
individual input parameters and their combinations. Combination 1 did not produce a valid graph or trend 
when the SDT was plot against the protein adsorption and so the model was stopped there. 
Alternate solution 1 
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Alternate solution 2 
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Figure 2M (previous page): Alternate Solution 2 that was tested using MATLAB®: this solution depended 
on the existing ratio of Mw and MF of PEG in the SDT equation, so several combinations were not 
possible. The only one possible was Mw/MF. The MF values were calculated for matching Mw values 
using the relationship and interpolation of the data of protein adsorption and Mw from Gref et al. [11]. The 
SDT were then calculated using the ratios of Mw/MF and then plot against the corresponding protein 
adsorptions. There was a curve-fit equation developed and this was used to predict protein adsorption. The 
predicted protein adsorption was then plot against Mw, MF and Mw/MF of PEG. 
 
 
 
Evaluation of the prediction from the SDT and protein adsorption model  
 To evaluate a mathematical model, experimental data could be used to test its 
precision, alternate experimental data could be used for accuracy and theory could be used 
for basic trends and qualitative analysis. The experimental data from Gref et al. [11] was used 
in this case. The first evaluation involved molecular weight of PEG versus protein 
adsorption. The experimental values from Gref et al. [11] were entered into MATLAB® and 
plotted against the values that the curve-fit equations produced. This was the best way to 
determine if the model could predict theoretically correct values. For example, the molecular 
weight of PEG increasing would theoretically lead to a decrease in protein adsorption rather 
than increase due to increase in steric hindrance [9].  This is a qualitative test for evaluating 
the model. This form of evaluation would serve to increase the reliability on the predictive 
tool. Further analysis included a quantitative test, which in this case was a correlation test 
using the predicted data and the experimental data. The R2 value is used to determine how 
precise the data is to the actual experiments. The precision of the data in this case also 
depends on the characteristic equations that were obtained from curve-fitting the SDT versus 
protein adsorption plots. The correlations were run using Microsoft EXCEL using the 
following process: assigning the experimental data as array 1, assigning the calculated data 
from model to array 2 and using the command CORREL(array1,array2) in EXCEL to obtain 
the R2 value. If the number is close to 1, it means that the correlation was good but if it’s less 
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that 0.5 then it means that the correlation was not good enough for the tool to estimate protein 
adsorption. 
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RESULTS AND DISCUSSION 
The purpose of this project was to create a mathematical model, using 
MATLAB®, that would stimulate the quantity of protein adsorption that occurred on the 
surface of a nanoparticle covered by PEG chains, given the molecular weight of PEG and 
mass fraction of PEG. The importance and purpose of this model is to speed up to 
process of discovery that is involved in fabricating nanoparticles with a highly effective 
PEG coverage, saving time and resources. The first step to developing this model was to 
find a relationship between the molecular weight of PEG, mass fraction of PEG and the 
nanoparticle diameter. This relationship is well established in the SDT equation from 
Gref et al. [11]. The next step for the model was to determine a relationship between the 
SDT equation and protein adsorption. This was done by using data from Gref et al. with 
experimental results that demonstrated the relationship between protein adsorption and 
molecular weight of PEG and protein adsorption and the mass fraction of PEG. The SDT 
values and the protein adsorption values shared common mf values or mw values, 
therefore a relationship was established between the two by plotting them against each 
other and a curve-fit equation was obtained. This equation was called the characteristic 
equation because there were two different equations created; one for molecular weight of 
PEG and another for mass fraction of PEG. These were built based on the two parameters 
themselves. This meant that they could not be interchanged; the curve fit equation 
developed based on mass fraction of PEG could not be used for calculating the protein 
adsorption that occurs due to changes in molecular weight of PEG and vice versa. The 
characteristic equations were evaluated for their accuracy using the data from Gref et al. 
[11]. Protein adsorption values that were calculated using the molecular-weight-equation 
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were directly compared to the protein adsorption values that were experimentally 
measured in Gref et al. [11]. The two types of evaluations performed were correlation 
tests and a graphical analysis. The results of each of these steps are as follows. 
Influence of molecular weight of PEG, mass fraction of PEG and particle diameter 
on SDT 
 The equations obtained from Gref at al. [11] were used to describe the behavior of 
SDT while changing the parameters that are most important in nanoparticle research. For 
the purpose of this study these parameters are diameter of nanoparticles, molecular 
weight of PEG and mass fraction of PEG. The diameter of the nanoparticles is obtained 
during the characterization step.  
Usually the laboratory running these experiments follows fixed criteria for choosing the 
diameter of the nanoparticle to be made. For example Dr. Margaret Wheatley’s lab in 
Drexel University needs to made micro bubbles that carry drug. Since these are injected 
intravenously, their target diameter for microbubble fabrication is usually, under 10 µm 
so that it could freely travel through the vasculature [2]. Once the diameter size is 
determined the optimal molecular weight of PEG and the optimal mass fraction of PEG 
need to be determined. These are obtained using data from experimentation of varying 
molecular weights of PEG and mass fractions of PEG. The optimal values for these are 
chosen according to which one produce the maximum reduction possible of protein 
adsorption. To investigate the changes in SDT, calculations were first done by varying 
the mass fraction of PEG according to these: 2, 5, 8, 11, 16 and 20%. Figure 1R shows 
the plot with changing SDT against the change in mass percent of PEG. The rest of 
parameters were kept constant, molecular weight of PEG was 2000 g/mol and the 
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diameter was 190 nm. From the equation itself, it is evident that with increasing mass 
fraction of PEG, the SDT would decrease since the f that stands for this parameter in the 
equation (4) is in the denominator. The plot in Figure 1R shows this trend, where the 
SDT rapidly decreases from around 2.5 to 5% and then gradually decreases for mass 
fraction values greater than 5%. The theoretical explanation for this is, when the mass 
fraction of PEG increases, the number of PEG chains on the surface of the nanoparticle 
increases and the area in between the PEG chains on the nanoparticles will decrease, 
which is the SDT value.  
 
Figure 1R: SDT calculated values for increasing PEG MF. The SDT is expressed in nm2 and the PEF MFs 
are percentage values over a 100 
 
The next parameter to be tested was molecular weight of PEG and its effects on 
SDT. Molecular weight is part of the nominator of the SDT equation which means that 
when it increases, the SDT value will also increase. The molecular weights used were 
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taken from Gref et al and were; 2000, 5000, 10000, 15000 and 20000 g/mol. This trend 
can be visible in Figure 2R. The reason that this occurs is because increasing the 
molecular weight of PEG means that the PEG chains will have larger folds and one PEG 
chain will cover a larger surface area on the nanoparticle than if it has a smaller 
molecular weight. Therefore the number of PEG chains needed to cover the surface will 
reduce and the surface area on the nanoparticle that exists between the chains will be 
much greater since there are fewer chains on the surface.  
 
Figure 2R: SDT calculated values for increasing PEG Mw. The SDT is expressed in nm2 and the PEG Mws 
are values are in g/mol and multiplied by 104 
 
Another important parameter that can influence SDT is the mean diameter of the 
nanoparticles. Diameter is also part of the denominator in the SDT equation which means 
that it will have an inverse effect on SDT. This trend can be seen in Figure 3R. The 
explanation for this trend is, if the diameter increases, the surface area increases and the 
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surface area between the PEG chains would decrease.  The diameter usually has a natural 
variation that occurs during the fabrication. In Gref et al. [11] there is no data that shows 
the variation of diameters that occurs in one fabrication. So, for the sake of variation a ± 
10% variation could be considered. The diameters used in the model increased from 160 
nm to 270 nm by 20 nm increments. The Table 1R shows the calculated values of SDT 
using different molecular weights of PEG, mass fractions of PEG and nanoparticle 
diameters. 
  
Figure 3R: SDT calculated values for increasing mean diameters of nanoparticles. The SDT is expressed in 
nm2 and the diameter values are in nm 
 
Relating data from Gref et al. [11] with the SDT equations 
The relationship between SDT and the data from Gref et al. [11] was established 
using common grounds. A range of mass fraction values were used to calculate SDT 
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values and these were then plot against the protein adsorption values from the same mass 
fractions. The curve was then fit to an equation that could then be used to re-predict the 
values of protein adsorption. There were two relationships created, one based on 
molecular weight of PEG (Figure 4R) and one on mass fraction of PEG (Figure 5R). The 
relationship based on molecular weight shows a rapid decline until 5 cm2 and then a 
slight decline till ~21 cm2.  This means that as the area between the PEG chains 
increases, for increasing molecular weight, protein adsorption reduces. When the 
molecular weight increases, the PEG chains get larger and have larger folds which 
occupy more area therefore, there are fewer chains attached to the surface and this 
increases the surface area. This will also decrease protein adsorption because the larger 
the fold of the PEG the better the coverage by PEG of the surface of the nanoparticle and 
this prevents protein adsorption better [11]. PEG of larger molecular weight also traps 
water molecules in the folds which provides a hydrated cover as well as the steric 
hindrance [11].  
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Figure 4R: SDT vs. Protein adsorption relationship based on increasing PEG Mw. The stars represent the 
curve-fit and the circles represent the SDT vs. Experimental protein adsorption data from Gref et al. [11]. 
  
Figure 5R with the relationship between SDT of mass fraction of PEG and protein 
adsorption shows a fluctuation in the beginning, followed by a rapid increase after 2.58 
nm2. This indicates that as the mass fraction of PEG increases, the area between the PEG 
chains (SDT) decreases since it is inversely proportional to mass fraction, but the protein 
adsorption increases as the area (SDT) increases, as shown in Figure 5R. The explanation 
for this trend is that, if the area between each of the PEG chains increases, there will be 
more gaps and chances that protein adsorption could occur due to the gaps in the 
coverage. The molecular weight is kept fixed in this relationship therefore after a certain 
point the coverage is not enough to reduce protein adsorption effectively. The same 
relationship could not be made for the diameter of nanoparticles because there were no 
protein adsorption values corresponding to varying diameter in Gref et al. [11].   
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Figure 5R: SDT vs. Protein adsorption relationship based on increasing PEG MF. The stars represent the 
curve-fit and the circles represent the SDT vs. Experimental protein adsorption data from Gref et al. [11]. 
  
The two characteristic equations that were developed using the curve-fits of the 
relationship between SDT and protein adsorption would now be used to predict protein 
adsorption values according to varying molecular weight of PEG or mass fraction of 
PEG. Each characteristic equation is specific to the parameter that it was built on. 
Equations 5 and 6 are the two characteristic equations. The molecular weight equation 
(Equation 5) is a negative exponential curve equation whereas the characteristic equation 
for mass fraction (Equation 6) is a positive exponential curve equation.  
PA=0.8*exp((-0.42)*SDT)+0.2         (5) 
PA= 0.0906*exp(0.175*SDT)         (6) 
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 Using the two characteristic equations, protein adsorption values were calculated 
for increasing molecular weight of PEG or increasing mass fraction of PEG separately. 
Figure 6R shows the predicted relationship between molecular weight of PEG and protein 
adsorption. As the molecular weight increases, protein adsorption decreases. Initially 
there is a rapid decrease from 0-5000 g/mol but then from 5000 to 2000 g/mol there is 
only a ~0.01 units decrease of protein adsorption, and it becomes constant as it reaches 
15,000 g/mol. As mentioned before, the increasing molecular weight of PEG leads to an 
increase in the PEG fold and trapped water molecules [11]. This is important in 
preventing protein adsorption because it not only provides a better steric hindrance which 
blocks the protein molecules from reaching the nanoparticles, but also creates a hydrated 
barrier with makes the nanoparticle more biocompatible [11]. Although as it can be seen, 
in Figure 6R of this paper and Figure 1 of Gref et al. [11] the protein adsorption does not 
reach 0 at any point, instead it levels off at a lower value. This means that there are still 
plasma protein and hydrophobic interactions occurring in areas that are not fully covered 
by PEG [11]. This result only stresses on the unmet need for nanoparticle research which 
is predictive tools like the one that was built in this project. It is extremely time and 
resource consuming to keep repeating these experiments to reach an optimal value that 
will provide a 0 protein adsorption value. With this tool it is possible to predict a value of 
protein adsorption with the current parameters before performing the experiments.   The 
data from this prediction can be used to alter a current method or simply change the 
molecular weight of the PEG that is being used to get a better reduction in protein 
adsorption. The range of values of molecular weight can be as large as from 10 - 
1000g/mol or is can be magnified to 2000 - 5000 g/mol with only 100 or 200 g/mol 
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increments for a close up on the behavior of protein adsorption on the nanoparticle and to 
reach an optimal value before the next experiments.  
 
Figure 6R: Protein adsorption calculated values for increasing mean PEG Mw. The protein adsorptions are 
normalized and the PEG Mw values are in g/mol and need to be multiplied by 104. 
 
 Figure 7R shows the predicted relationship between mass fraction of PEG and 
protein adsorption. As the mass fraction increases, protein adsorption decreases. Initially 
there is a rapid decrease from 0 - 5% but then from 5 - 20 there is only a ~0.07 units 
decrease of protein adsorption, which means that it’s almost constant as it reaches higher 
mass fractions of PEG. As mentioned before, the increasing mass fraction of PEG leads 
to an increase in the PEG chain number on the surface of the nanoparticles [11]. When 
the PEG chains increase in number on the surface of the nanoparticles the steric 
hindrance increases as well. Plasma protein and hydrophobic surface interactions are 
reduced due to the increase in thickness of the layer of PEG on the surface of the 
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nanoparticles. This is where the assumption that, all the PEG travels to the surface of the 
nanoparticles, becomes essential. In Gref et al. [11] the SDT equation describes the 
behavior of the PEG chains on the surface of the nanoparticles in terms of where they are 
place and how many of them are attached, depending on their size (molecular weight), 
number (mass fraction ) and size of the nanoparticle (diameter). There are other 
assumptions that were made for this equation to be developed: 1) the PEG chains are 
equally spaced from each other on the nanoparticle surface, 2) all the PEG chains 
attached are the same length and 3) all the nanoparticles are exactly the same size. 
Considering these assumptions the SDT was calculated and in this project it is the SDT 
that is used to estimate protein adsorption. Therefore it can be seen that this will only be 
an estimate for of the actual protein adsorption that occurs on the surface of the 
nanoparticles.  
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Figure 7R: Protein adsorption calculated values for increasing mean PEG MF. The protein adsorptions are 
normalized and the PEG MF values need to be multiplied by 100. 
 
Determining the accuracy of the protein adsorption estimates 
 The estimated values of protein adsorption based on varying molecular weight of 
PEG or mass fraction of PEG were evaluated using data from Gref et al. [11]. Figure 1 in 
Gref et al.[11] shows the experimental data of changes in protein adsorption based on 
increasing molecular weight of PEG. The data shows protein adsorption value for a 
control as well. The molecular weights in the experiment were the same as those used in 
the current model. The validation of the model was done with a direct comparison of the 
experimental data and calculated protein adsorption values by plotting them on the same 
chart. Figure 8R shows the comparison and the fit for the molecular weight predicted 
values. This is the qualitative analysis of how accurate the model is. According to the 
Figure 8R there seems to be an almost perfect fit. The protein adsorption values from the 
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Gref et al. [11] and the model were also analyzed by using a correlation text in Microsoft 
EXCEL. The R2 value for the molecular weight model vs. experiment data was 0.997, 
which means that it was an almost perfect fit where 1 is an indication of perfect 
correlation of two data sets. 
 
Figure 8R: Validation of the calculated Protein adsorption values for increasing PEG Mw. The protein 
adsorptions are normalized and the PEG Mw values need to be multiplied by 104. The experimental data 
from Gref et al. is in circles while the model data in indicated by stars. 
 
 Figure 3 in Gref et al.[11] shows the experimental data of changes in protein 
adsorption based on increasing mass fraction of PEG. The data shows protein adsorption 
value for a control as well where the nanoparticle (PLA) molecular weight is kept at 
45,000 g/mol and there was no PEG added to the fabrication. The mass fractions in the 
experiment were the same as those used in the current model. The validation of the model 
was done with a direct comparison of the experimental data and calculated protein 
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adsorption values by plotting them on the same chart. Figure 9R shows the comparison 
and the fit for the mass fraction predicted values. According to the Figure 9R the fit is not 
as perfect as the molecular weight prediction, also the values look close and are probably 
off by 0.05 units of protein adsorption. The R2 value for the molecular weight model vs. 
experiment data was 0.988, which means that it well correlated since it was above 0.5, 
although it was not as good a correlation as the characteristic equation prediction for 
protein adsorption with increasing molecular weight. 
 
Figure 9R: Validation of the calculated Protein adsorption values for increasing PEG MF. The protein 
adsorptions are normalized and the PEG MF values need to be multiplied by 100. The experimental data 
from Gref et al. is in circles while the model data in indicated by stars. 
 
Alternate solutions 
 An ideal situation for a model predicting protein adsorption is having all the 
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varying multiple parameters in the same equation. This is where the current model is 
limited. Molecular weight of PEG and mass fraction of PEG are related in the SDT 
equation but the both need separate characteristic equations to calculate the estimates of 
protein adsorption based on their changes. Therefore alternate pathways for this model 
were explored in an attempt to combine the concepts of the two models created above. 
Alternate solution 1 
 The first set of alternate solution was to combine the models by combining the 
SDT values in three different ways:  
1) SDTmass fraction x SDTmolecular weight, 
2) SDTmolecular weight / SDTmass fraction 
3) SDTmass fraction / SDTmolecular weight. 
The first combination was not possible since a relationship between SDT and protein 
adsorption could not be developed. For the second option, called combination 2 is shown 
in Figure 10R. In this combination the SDT for molecular weight is divided by each of 
the SDT values of mass fraction. The relationship between the ratio of the protein 
adsorptions and ratio of the SDT shows a rapid increase and then a gradual decrease after 
the ratio of SDT 8. A characteristic equation was developed for this relationship using 
curve-fit and protein adsorptions were calculated in ratios. Figure 11R shows the 
relationship between the ratios of protein adsorption and increasing molecular weight of 
PEG and Figure 12R shows the relationship between the ratios of protein adsorption and 
increasing mass fraction of PEG. The calculations were compared to the data from Gref 
et al. [11] after changing it to ratios as well. This comparison can also be seen in Figures 
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11R and 12R. The potential for future development for these alternatives were 
determined by the closeness of the prediction to the actual data. Thus far the 
successfulness of combination 2 showed potential with increasing molecular fraction of 
PEG and molecular weight of PEG. The logic behind this alternative is still to be 
determined, although this alternative shows potential for the two concepts being merged 
into one, where changing both parameters at the same time could be beneficial and only 
one equation will be needed to predict the protein adsorption.  
 
Figure 10R: Combination 2 involving the SDT of molecular weight over the SDT of mass fraction versus 
PA of molecular weight over PA of mass fraction  
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Figure 11R: Estimated Protein adsorption (Mw) over protein adsorption (MF) plotted over just the 
increasing Mw of PEG in g/mol 
 
Figure 12R: Estimated Protein adsorption (Mw) over protein adsorption (MF) plotted over just the 
increasing MF of PEG in % 
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 Combination three was the next one to show potential for an amalgamation of the 
two models and their parameters. Model three is the opposite of model 2, where the SDT 
of mass fraction is divided by the SDT of molecular weight. The ratio was them plot 
against the ratio of protein adsorption due to mass fraction to the protein adsorption due 
to molecular weight. Figure 13R shows this relationship; it rapidly decreases till 0.125 
and then gradually increases after this point. A characteristic equation was developed 
based on the curve-fit of the relationship between the two values. The ratios of protein 
adsorptions obtained from the relationship were them plot against increasing molecular 
weight of PEG (Figure 14R) and the increasing mass fraction of PEG (Figure 15R). The 
figures show an almost similar trend for each for MF and Mw, which is an immediate 
decrease to 5% and 5000 g/mol; both being the threshold values determined in Gref et al. 
[11].  After these threshold values, the protein adsorption ratios show different trends for 
the model and the experimental data.  The experimental data shows a further drop until 
10,000 g/mol and 8% and then a gradual increase, but the model shows a gradual 
decrease for mass fraction and molecular weight after the threshold values. The decrease 
in each case is about 0.07 which is not that much. Not only were these equation plot 
against the single parameters themselves, like MF or MW but they were also plot against 
the ratios of these parameters for example, in combination 2, since the ratios of SDT were 
molecular weight over mass fraction, the results from the equations developed produced 
protein adsorption ratios which were also molecular weight over adsorption therefore it 
made send to plot these values against the ratios of the initial parameters themselves and 
in this case it was the molecular weights over the mass fractions. The results are not 
being displayed in this paper because neither of them showed any logical trends. Each 
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one of these graphs looked like they were built on random data points. Validation were 
run for these are well, by manipulating the experimental data from Gref et al. [11] to 
produce ratios of protein adsorptions and ratios of the molecular weights to mass 
fractions used. The experimental data also showed not logical trends, although the shapes 
of the plots seemed to be close to those created by the model.  
 
Figure 13R: Combination 3 involving the SDT of mass fraction over the SDT of molecular weight versus 
PA of mass fraction over PA of molecular weight  
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Figure 14R: Estimated Protein adsorption (MF) over protein adsorption (Mw) plotted over just the 
increasing Mw of PEG in g/mol 
 
Figure 15R: Estimated Protein adsorption (MF) over protein adsorption (Mw) plotted over just the 
increasing MF of PEG in % 
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Alternate solution 2 
 A second solution type was explored. This is another attempt at combining the 
two models of molecular weight and mass fraction of PEG. This time, the combination 
will be devised starting from the parameters themselves. the mass fraction and molecular 
weights used for the SDT equation were taken from the same protein adsorption value, 
the SDT calculated was plot against the protein adsorption and a characteristic equation 
was obtained and estimated protein adsorption values were plot against the ratio of the 
initial mass fractions and molecular weights used from the SDT calculation. In this 
scenario, the ratio will be molecular weight over mass fraction because this is how these 
parameters are related in the SDT equation. Figure 16R shows the relationship between 
SDT and protein adsorption of the given ratios of Mw/MF. There is a rapid decrease till 
0.06 nm2 and then it decreases by only 0.0504 units from 0.06-0.18 nm2. A curve-fit tool 
in MATLAB® was used to obtain an equation to describe the relationship between the 
SDT and protein adsorption values.  This equation was then used to calculate predicted 
protein adsorption values which was plot against, the range in MFs of PEG (Figure 18R), 
MWs of PEG (Figure 17R) and the ratios of MW/MFs (Figure 19R) that were used to 
build the model. On the same figures, the original data was also plot for validation 
purposes where the model data is indicated with stars and a blue line and the 
experimental data is indicated with circles and a red line. The relationship between the 
calculated protein adsorption and MW shows in consistency for the first value only and 
then shows a perfect match with the data (Figure17R). The MF and protein adsorption 
relationship show the same pattern (Figure18R). The relationship between the model 
calculated protein adsorption and the ratios of MW/MFs show a perfect match with the 
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experimental data from Gref et al. [11], with manipulations to the data to obtain the 
matching values for the common protein adsorption point. The limitation of this 
combination method is that the MW and MF used need to be in a ratio and changed 
together in the model to obtain certain protein adsorption values. Therefore the ratios 
become a constraint for choosing the MW and MF values. It will not be possible yet with 
this method to vary the MW and MF values separately with protein adsorption.  
 
Figure 16R: SDT vs. Protein adsorption relationship based on increasing PEG Mw/MF. The stars represent 
the curve-fit and the circles represent the SDT vs. Experimental protein adsorption data from Gref et al. 
[11]. 
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Figure 17R: Validation of the calculated Protein adsorption values for increasing PEG Mw. The protein 
adsorptions are normalized and the PEG Mw values need to be multiplied by 104. The experimental data 
from Gref et al. is in circles while the model data in indicated by smaller markers 
 
 
Figure 18R: Validation of the calculated Protein adsorption values for increasing PEG MF. The protein 
adsorptions are normalized and the PEG MF are in %. The experimental data from Gref et al. is in circles 
while the model data in indicated by smaller markers. 
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Figure 19R: Validation of the calculated Protein adsorption values for increasing PEG Mw/PEG MF. The 
protein adsorptions are normalized and the PEG Mw/PEG MF values are in %g/mol. The experimental data 
from Gref et al. is in circles while the model data in indicated by smaller markers. 
 
 
Summary of Model successfulness 
Table 1R shows a summary of the successfulness and failure of the model and the 
specific areas of success and failure when the model is evaluated using data from Gref et 
al. [11]. In many instances the data was manipulated in order to obtain a correct fit for it, 
like for example in solution 2 the protein adsorption values were arranged in ratios from 
the experimental data. These ratios were then used to build the model and test it.  
  
1000 1500 2000 2500 3000 3500 4000 4500
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
P
ro
te
in
 A
d
s
o
p
ti
o
n
MW/MFs (g%/mol)
Mw/MF of PEG vs. PA
 
 
Model
Experimental
52 
 
Table 1R   : Summary of all the solutions tried and validated using data from Gref et al. 
[11] in this project and the indication of success and failure regions 
 
Solution 
number 
Type of Model Consistency with experimental 
data from Gref et al. [11] 
PA Vs. MW PA Vs. MF 
1 MW 
characteristic 
equation 
Match No Match 
MF characteristic 
equation 
No Match Match 
2 SDTMW x SDTMF Not equation No equation 
SDTMW/ SDTMF Showed similar 
trend and close 
data points 
Showed similar 
trend and close 
data points 
SDTMF/ SDTMW Showed similar 
trend and close 
data points 
Showed similar 
trend and close 
data points 
3 PA vs. MW Matched after 
first data point 
 
PA vs. MF  Matched after 
first data point 
PA vs. MW/MF Complete match 
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CONCLUSION 
  Targeted drug delivery is an important field of research although, it is often 
extremely time and resource consuming and that is why there is an unmet need for 
prediction tools that are based on experiments conducted by various laboratories. 
Therefore this project aimed to provide the preliminary steps to creating a prediction tool 
that can estimate the values of protein adsorption occurring on a nanoparticle with a PEG 
chain covering. The models that were explored in this project were based on a central 
equation called the SDT (Equation 4) which was derived by Gref et al. [11].   The use of 
this equation was the primary step for all the solutions because the three essential 
parameters in nanoparticle the fabrication process were tied together in it and that was the 
first step mathematically modeling the process: finding a relationship between the 
important parameters. The execution of this step was to calculate a range of SDT values 
based on the ranges for each parameter. PEG Mw was varied from 2000 to 20,000 g/mol, 
PEG MF was varied from 2 to 20% and the diameter of the nanoparticles  were varied 
from 160 to 270 nm like in Gref et al [11]. Thus it was possible to study the influences of 
these parameters in the SDT of PEG on nanoparticles. This step of the project was 
successful (Figures 1-3R) and it created a strong foundation upon which the rest of the 
models could be built.  
 After relating the three essential parameters, the final goal output of this project 
needed to be incorporated into the relationship of the three parameters i.e. protein 
adsorption. In Gref et al. [11] the relationships between PEG Mw and protein adsorption 
and PEG MF and protein adsorption had already been established via bar graphs of 
experimental data. These relationships were the theoretical backbones upon which the 
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models could be built and validated. Using the Figure 1 from Gref et al. [11], the 
threshold molecular weight was determined to be 5000 g/mol and using Figure 3 from 
Gref et al. [11], the threshold value for PEG mass fraction was determined to be 5%. 
These were the fixed values that were used in every SDT calculation. The relationship 
between SDT and protein adsorption was established via the common parameters. The 
only limitation for this solution was that the characteristic equations that were built for 
estimating protein adsorption had to be different for PEG Mw and PEG MF. This meant 
that the equations for calculating the changes in protein adsorption due to increasing PEG 
Mw was based upon the data in Figure 1 of Gref et al. [11] and therefore could only be 
used to predict the protein adsorption values for the increase in molecular weight and the 
same for the equation based on PEG MF. The purpose for these models still stands and is 
fulfilled because using different parameters for a different experiment, protein adsorption 
can be predicted separately according to increasing molecular weight or mass fraction of 
PEG. The validations of the models were conducted using the same data from the two 
figures of Gref et al. [11] and correlations were performed on the calculated values and 
the data resulting in an R2 = 0.997 for PEG Mw model and R2=0.988 for the PEG MF 
model. Other than a correlation and graphical analysis for validation, the model were 
checked for accuracy of theory, for example theory suggests that when the molecular 
weight of PEG increases, there should be a reduction in protein adsorption just due to the 
steric hindrance increase in itself [11].  The two models created, successfully passed the 
as well.  
 However the protein adsorption values in the experiments and in the models never 
reached zero [11]. This suggests that there are other parameters that need to be 
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considered when dealing with protein adsorption, that have not been considered, but go 
beyond the scope of this project. Although, there is a possibility that the optimal 
combination of the three parameters that this project address has not been reached, but it 
closer to being reached via predictive tool such as this. The equations created in this 
model are not 100% accurate and need improving. The data point that were used for the 
experiments were extremely spaced out and since the models were built based on the data 
from Gref et al. [11] the same scale of data point were used. Although testing with a 
smaller scale could bring much more clarity and amplification to the relationship of PEG 
Mw and PEG MF with protein adsorption.  
 One of the secondary efforts made in the project for the sake of improving the 
mathematical model was the combining of the two characteristic models created. Out of 
the three methods explored, the third one seemed to be the most successful in terms of 
accuracy. Although the models in the second solution could also hold a lot of potential 
for modeling purposes but they lack a clear solution to them. For example the results for 
the model are either in PMF/ PMw vs. PEG Mw or PEG MF, PMw/ PMF vs. PEG Mw or PEG 
MF or PMw/ PMF vs. PEG Mw/PEG MF etc. Therefor it cannot be determined in this case 
how the results can be used in an investigation yet. However the plot seems to match up 
quite a bit, although much less that solution one or three. In order to validate these 
solutions the data from Gref et al. [11] was manipulated to fit. The protein adsorptions 
were arranged in all sorts of ratios and even interpolated to obtain certain mass fractions 
for the third solutions. A proper validation of these  alternate solutions would be 
experimentation. That is the one thing that this project lacks due to the main constraint 
being time and resources.  
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 In summation, the mathematical model (solution 1) created in this project passed 
all the validation tests it was put through within the time span provided. There is however 
room for improvement via validation through experimentation where all the possible 
relationships between the parameters could be tested in combination with prediction 
made by the model itself. The experiments that would benefit the model are further 
expanded on future recommendations. Over all this is a successful foundation upon 
which a predictive tool for estimating protein adsorption could be built. 
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FUTURE RECOMMENDATIONS 
 After considering all the solutions that this project has explored, it is important to 
note that the only model that would be considered as validated is the first solution with 
the separate characteristic equations because it has data to validate the exact solution. For 
example the calculated values of protein adsorption, using the models for MW of Peg and 
MF of PEG, were directly evaluated by the same relationships that were found in Gref et 
al. [11] with experimental data.  The model in this project was not able to incorporate 
diameter as one of the parameters that could be varied and calculated protein adsorption 
for, since there was a lack of experimental data to base it off. Therefore this is one of the 
first suggestions for future efforts for extending this project: measuring protein 
adsorption due to changes in nanoparticle diameter, while keeping PEG Mw and PEG 
MF constant at their threshold values.  
Moreover, there is an unmet need for experimentation with multilevel parametric 
variances to improve the current model. The SDT equation itself contains the relationship 
of three important parameters MW of PEG, MF of PEG and diameter of nanoparticles. 
Although multilevel experiments in which two or three parameters could be varied at the 
same time will be helpful in determining addition relationships amongst the parameters 
themselves as well as the protein adsorption out comes. One of the final outcomes of the 
multilevel experiments would be a look-up table that could then be used in the laboratory 
during experimentation to allow optimal fabrications of nanoparticles. A stencil of such a 
table can be seen in Table 1F, where for a certain Mw, MF and diameter there will be a 
certain protein adsorption percentage. Such a table can only be built based on multi-
parametric experiments, that very more than one parameter at a time.  
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Table 1F: Stencil of a parametric look up table for the desired level of protein 
adsorption based on a fixed Mw, MF and diameter 
 
 D1 D2 D3  
Mw1 P1 P2 P3 MF1 
Mw2 P4 P5 P6 MF2 
Mw3 P7 P8 P9 MF3 
Mw4 P10 P11 P12 MF4 
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APPENDIX A: MATLAB CODE 
Solution 1 Mathemetical Model 
Changing the Weight percent of PEG* 
This part of the predictive tool can be used to understand/predict the protein adsorption levels 
according to the change in amount of PEG added which is calculated in weight percent. In order 
to do so, you must change the fractions that are present in the variable, 'f'. 
close all 
clear 
clc 
% This value is the mean diameter which can be obtaing after 
% characterization of the nano particles, then converted to cm by dividing by 10,000,000 
d= 190/10000000; %cm 
 
% The density of the nano spheres must be entered here 
pd=1.27; %g/cm^3 
 
% The following equation is to define the mass of one nano sphere 
m=(4.*pi.*pd.*((d./2).^3))./3; 
 
% 'f' is the mass fraction of PEG in the PLA and PEG mixture 
f=[0,0.02, 0.05, 0.08, 0.11, 0.16, 0.20]; % in percentage 
 
% 'Mpeg' defines the molecular weight of the PEG that was used and that 
% showed maximum potential for minimum protein adsorption 
Mpeg= 5000; % the PEG2 MW chosen g/mol 
Na=6.0221413e+23; %avogardo's number which remains a constant 
 
% 'n' is the number of PEG chains in one nano sphere 
n=(m.*f.*Na)./Mpeg; 
 
% The following equations calculate the minimum amount of surface that 
% needs to be covered from the least protein adsorption 
 
% This first equation shows the Surface density threshold for the maximum 
% protein reduction 
S2=((6.*Mpeg)./(d.*Na.*f.*pd)).*(10^14);%nm2 
% This second equation shows the "Surface that would occupy each PEG chain 
% on the nanospheres" surface 
S=((pi.*(d.^2))./n).*(10^14);%nm2 
figure(1) 
plot(f,S,'*-') 
grid on 
%legend('','') 
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xlabel('mass fraction of PEG (%)') 
ylabel('SDT (nm^2)') 
title('Influence of MF on SDT') 
grid on 
 
Creating an equation to calculate PA from SDT* 
figure(2) 
% Characteristic equation that calculates PA 
N=145/1600*exp(0.175*S); 
valid=[0 1600/1600 
0.02 910.0670677/1600 
0.05 274.7488395/1600 
0.08 200/1600 
0.11 261.5384615/1600 
0.16 217.0940171/1600 
0.20 246.1538462/1600]; 
 
plot(S2,N,'-b*',S2,valid(:,2),'ro-') 
grid on 
legend('Curve-fit equation','Experimental') 
 
ylabel('Protein Adsorption') 
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xlabel('SDT (nm^2)') 
title('Protein Adsoption Vs. SDT') 
grid on 
 
Validating the Calculated PA values using data from Gref et al.[11]* 
figure(2) 
close all 
plot(f,N,'b-*') 
 
 
% This is the Evaluation step for the model- this step is done using data 
% from Gref et al. to see if it matches the model and makes sense 
% theoretically 
valid=[0 1600/1600 
0.02 910.0670677/1600 
0.05 274.7488395/1600 
0.08 200/1600 
0.11 261.5384615/1600 
0.16 217.0940171/1600 
0.20 246.1538462/1600]; 
figure (2) 
plot(f,N,'b-*',valid(:,1),valid(:,2),'ro-') 
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grid on 
xlabel('PEG MF (%)') 
ylabel('Protein Adsorption') 
title('Calculated Protein Adsorption Vs. PEG MF') 
legend('Model','Experimental') 
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Developing Characteristic equations for calculating the Protein adsorption due to 
changes in Molecular weight of PEG 
Calculating SDT from increasing Mw of PEG 
diameter= 190/10000000; 
particleDensity=1.27; %g/cm^3 
m=(4.*pi.*particleDensity.*((diameter./2).^3))./3; 
fractionPEG=0.04; %in mass fraction 
MWPEG= [0,2000,5000,10000,15000,20000]; % the PEG2 Mw chosen g/mol 
Avogardo=6.0221413e+23; 
SurfaceDenThresh=((6.*MWPEG)./(diameter.*Avogardo.*fractionPEG.*particleDensity)).*(10^14
);%nm2 
 
numberofPEG=(m.*fractionPEG.*Avogardo)./MWPEG; 
SurfaceAreaThresh=((pi.*(diameter.^2))./numberofPEG).*(10^14);%nm2 
figure(1) 
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plot(MWPEG,SurfaceDenThresh,'b-*') 
xlabel('Molecular weight of PEG (g/mol') 
ylabel('SDT (nm^2)') 
title('Influence of Mw of SDT') 
grid on 
 
Obtaining the equation from SDT Vs. PA 
SDT=SurfaceDenThresh; 
adsu=[0 1600/1600 
2000 914.7286822/1600 
5000 397.9341085/1600 
10000 341.0852713/1600 
15000 325.5813953/1600 
20000 315.244186/1600]; 
 
% Characteristic equation for calculating PA 
equation1=0.8*exp((-0.42)*SDT)+0.2; 
 
figure(2) 
plot(SDT,adsu(:,2)) 
hold on 
plot(SDT,equation1,'or') 
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Validation using data* 
figure (3) 
plot(adsu(:,1),adsu(:,2),'ro-',adsu(:,1),equation1,'*-') 
xlabel('PEG Mw (g/mol)') 
ylabel('Protein Adsoption') 
title('Validation of Calculated protein adsorption Vs. PEG Mw') 
grid on 
legend('Experimental Data','Model Calculated Data') 
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Alternate Solution 1 
Creating different combinations of SDT 
close all 
clear 
clc 
 
% These are the SDT values of changing Moleculer weight and Mass Fraction 
SDT1MW=[0,1.65159279065873,4.12898197664683,8.25796395329366,12.3869459299405,16.51592790
65873]; 
SDT2MF=[Inf,4.12898197664683,1.6516,1.03224549416171,0.516122747080854,0.412898197664683]
; 
 
% This is combination 1 
SCMB1=SDT1MW.*SDT2MF; 
 
% These are the protein adsorption values from Gref et al. [11] 
% Mw Vs. Protein adsoption from Gref et al.[11] 
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PRT1MW=[1600/1600 
914.7286822/1600 
397.9341085/1600 
341.0852713/1600 
325.5813953/1600 
315.244186/1600]'; 
 
% MF Vs. Protein adsoption from Gref et al.[11] 
PRT2MF=[1600/1600 
910.0670677/1600 
274.7488395/1600 
200/1600 
217.0940171/1600 
246.1538462/1600]'; 
 
% Combination 1 of PA values 
PCMB1=PRT1MW.*PRT2MF; 
ePCMB1=[0.325181425605797,0.0427077869171258,0.0266472868203125,0.0276100675776172,0.0303
119409672220]; 
eSCMB1=[8.52424608173720,8.52424608173718,10.6553076021715,7.99148070162861,8.52424608173
716]; 
figure(1) 
%subplot(4,1,1) 
plot(eSCMB1',ePCMB1') 
xlabel('S') 
ylabel('P') 
grid on 
axis([8 11 0 0.35]) 
Combination 2 of SDT values and PA values 
close all 
SCMB2=SDT1MW./SDT2MF; 
PCMB2=PRT1MW./PRT2MF; 
 
plot(SCMB2',PCMB2','*-b') 
xlabel('SDT(Mw)/SDT(MF) (nm^2)') 
ylabel('PA(Mw)/PA(MF)') 
grid on 
title('SDT(Mw)/SDT(MF) vs. PA(Mw)/PA(MF)') 
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Combination 3 of SDT values and PA values 
SCMB3=SDT2MF./SDT1MW; 
 
PCMB3=PRT2MF./PRT1MW; 
 
 
plot(SCMB3',PCMB3','*-b') 
xlabel('SDT (nm^2)') 
ylabel('PA(MF)/PA(Mw)') 
grid on 
title('SDT(MF)/SDT(Mw) vs. PA(MF)/PA(Mw)') 
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Combination Model 1 cannot have a perfect equation to describe it 
Plotting the molecular weight and mass fraction Vs. calculated protein adsorption 
values from combination 3* 
% Equation for calculating PA 
PMW2=(300/1600*(SCMB3.^1)+0.66); 
 
figure(1) 
plot(MWPEG,PMW2,'b-*',MWPEG,PCMB3,'ro-') 
xlabel('Mw of PEG (g/mol)') 
ylabel('PA(MF)/PA(Mw)') 
grid on 
legend('Model','Experiment') 
title('Mw vs. PA(MF)/PA(Mw') 
 
 
figure(2) 
plot(MFPEG,PMW2,'b-*',MFPEG,PCMB3,'ro-') 
xlabel('MF of PEG (%)') 
ylabel('PA(MF)/PA(Mw)') 
grid on 
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legend('Model','Experiment') 
title('MF vs. PA(MF)/PA(Mw') 
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Plotting the molecular weight Vs. calculated protein adsorption values from 
combination 2* 
MWPEG=[0,2000,5000,10000,15000,20000]; 
sdt2=sdt1; 
% Equation for calculating PA 
pmw3=(((-0.01738).*(SCMB2.^2)) + (2.154.*SCMB2) + (4.068))./(SCMB2 + 4.281); 
 
figure(8) 
plot(MWPEG,pmw3,'b-*',MWPEG,PCMB2,'ro-') 
grid on 
xlabel('Mw of PEG (g/mol)') 
ylabel('PA(Mw)/PA(MF)') 
legend('Model','Experimental') 
title('Mw vs. PA(Mw)/PA(MF)') 
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Plotting the mass fraction Vs. calculated protein adsorption values from 
combination 2* 
MFPEG=[0,0.02, 0.05, 0.08, 0.16, 0.20]; % MF values 
sdt21=[Inf,4.12898197664683,1.65159279065873,1.03224549416171,0.516122747080854,0.4128981
97664683]; % SDT values of combination 2 
% Equation for calculating PA 
pmf3=(((-0.01738).*(SCMB2.^2)) + (2.154.*SCMB2) + (4.068))./(SCMB2 + 4.281);% Protein 
adsorption  
 
plot(MFPEG,pmf3,'b-*',MFPEG,PCMB2,'ro-') 
grid on 
xlabel('MF of PEG (g/mol)') 
ylabel('PA(Mw)/PA(MF)') 
legend('Model','Experimental') 
title('MF vs. PA(Mw)/PA(MF)') 
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Alternate Solution 2 
Step 1: Calculating SDTs for a combination of Mw/MF 
d= 190/10000000; %cm 
 
pd=1.27; %g/cm^3 
 
m=(4.*pi.*pd.*((d./2).^3))./3; 
 
f=0; % in percentage 
 
Mpeg= [0,2000,5000,10000,15000,20000]; % the PEG2 MW chosen g/mol 
Na=6.0221413e+23; %avogardo's number which remains a constant 
 
n=(m.*f.*Na)./Mpeg; 
 
% This is the SDT equation 
S2=((6.*Mpeg)./(d.*Na.*f.*pd)).*(10^14)%nm2 
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S=((pi.*(d.^2))./n).*(10^14);%nm2 
Step 2: Using the SDT that was calculated and determining the characteristic 
equation 
close all 
% SDT calculated from the combination of Mw/MFs corresponding to the same 
% protein adsorption values 
SDTCMB=[Inf,0.0239, 0.0598,0.0995,0.1408,0.1743]; 
 
% Protein adsorption values 
PROT=[1600,914.7,397.9,341.1,325.6,315.2]; 
PROTN=PROT./1600; 
%y=0.5*exp((-0.5)*SDTCMB)+0.2; 
 
% Characterisitc equation: 
y=(0.0001648.*(SDTCMB.^(-2.073)))+0.1928 
plot(SDTCMB,PROTN,'o-r','LineWidth',2,'MarkerSize',10) 
hold on 
plot(SDTCMB,y,'*:b','LineWidth',2) 
xlabel('SDT (nm^2)') 
ylabel('Protein Adsorption') 
title('Relationship between PA and SDT') 
legend('Experimental','Curve-fit Equation' ) 
grid on 
axis([0 0.2 0.1 0.6]) 
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Step 3: Plotting the Calculated protein adsorption against molecular weight values 
and comparing it to the experimental values from Gref et al. [11] 
MFs=[0,1.183,3.45,4.149,4.4,4.605]; 
COMBO=[0/0,2000/1.183,5000/3.45,10000/4.149,15000/4.4,20000/4.605]; 
 
figure(2) 
%subplot(3,1,1) 
plot(Mpeg,y,'*-b','LineWidth',2) 
hold on 
plot(Mpeg,PROTN,'ro:','LineWidth',2,'MarkerSize',10) 
ylabel('Protein Adsorption') 
xlabel('Mw (g/mol)') 
grid on 
legend('Model','Experimental') 
title('Mw of PEG vs. PA') 
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Step 4: Plotting the Calculated protein adsorption against mass fraction values and 
comparing it to the experimental values from Gref et al. [11] 
figure(3) 
 
%subplot(3,1,2) 
plot(MFs,y,'*-b','LineWidth',2) 
hold on 
plot(MFs,PROTN,'ro:','LineWidth',2,'MarkerSize',10) 
ylabel('Protein Adsorption') 
xlabel('MF (%)') 
grid on 
title('MF of PEG vs. PA') 
legend('Model','Experimental') 
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Step 5: Plotting the Calculated protein adsorption against molecular weight/mass 
fraction values and comparing it to the experimental values from Gref et al. [11] 
figure(4) 
 
%subplot(3,1,3) 
plot(COMBO,y,'b*-','LineWidth',2) 
hold on 
plot(COMBO,PROTN,'ro:','LineWidth',2,'MarkerSize',10) 
ylabel('Protein Adsoption') 
xlabel('MW/MFs (g%/mol)') 
legend('Model','Experimental') 
 
grid on 
title('Mw/MF of PEG vs. PA') 
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APPENDIX B: GREF ET AL. PAPER (Abstract page) [11] 
 
